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ABSTRACT 
Life-Cycle Cost-Benefit (LCC-B) Analysis for Bridge Seismic Retrofits 
by 
Kristina L. Dennemann 
Bridges constitute key elements of the nation's infrastructure and are subjected to 
considerable threats from natural hazards including seismic events. A range of potential 
bridge retrofit measures may be used to limit seismic damage in deficient bridges, and 
help mitigate associated social and economic losses. However, since resources are often 
limited for investment in seismic upgrade, particularly in regions of intense but 
infrequent events, a risk-based approach for evaluating and comparing the cost 
effectiveness of different mitigation strategies is warranted. This thesis illustrates a 
method for evaluating the best retrofits for non-seismically designed bridges based on 
seismic life-cycle costs and cost-benefit analysis. The approach integrates probabilistic 
seismic hazard models, fragility of as-built and retrofitted bridges for a range of damage 
states, and associated costs of damage and retrofit. The emphasis on life-time 
performance and benefits, as opposed to initial retrofit cost alone, not only permits risk-
wise investment, but also helps to align upgrade actions with highway agency missions 
for sustainable infrastructure. 
CONTENTS 
Abstract 
Contents iii 
List of Tables v 
List of Figures vii 
1 Introduction 1 
1.1 Statement of Problem 1 
1.2 Research Motivation 2 
1.3 Relation to Goals of Sustainable Infrastructure 4 
1.4 Organization of Remainder of Thesis 6 
2 Formulation of Seismic Life-Cycle Cost Model and Cost-Benefit Analysis 7 
2.1 Seismic Life-Cycle Costing 7 
2.2 Life-Cycle Cost-Benefit Analysis 10 
3 Seismic LCC-B Analysis of Representative Bridges 12 
3.1 Bridge Types and Retrofits Considered 13 
3.2 Seismic LCC-B Input Models and Case Study Assumptions 16 
3.2.1 Seismic Hazard 16 
3.2.2 Fragility Curves 17 
3.2.3 Cost Estimates 21 
4 Case Study Results and Discussion 24 
4.1 LCC-B Analysis: MSC Concrete Bridge in Caruthersville, Missouri ... 25 
4.2 Summary of LCC-B Analysis: All Cases Considered 30 
4.3 Varying Remaining Lifespan 35 
iii 
4.4 Summary of Case Study LCC-B Results for Retrofit Assessment 37 
5 FutureWork 38 
5.1 Opportunities for Extension 39 
5.2 Summary of Potential Impact Metrics of a Sustainable Bridge 43 
5.3 Example Sustainable Bridge Infrastructure Assessment 44 
5.3.1 Social Metrics: Downtime and Fatalities 44 
5.3.2 Environmental Metric: Energy Usage 46 
5.3.3 Economic Metric: Seismic LCC 47 
5.4 Results of Example 48 
6 Conclusions 50 
6.1 Conclusions of LCC-B Analysis 50 
6.2 Summary of Opportunities for Future Research 51 
Appendix A 53 
Appendix B 59 
Bibliography 61 
IV 
LIST OF TABLES 
3.1 Dimensions and dynamic characteristics of representative bridges used in case study 
3.2 System fragility parameters found for case study bridges for each damage state 
3.3 Modification factors for MSC concrete bridge adapted from [39] 
3.4 Modification factors for MSC steel bridge adapted from [39] 
3.5 Modification factors for MSSS concrete bridge adapted from [39] 
3.6 Modification factors for MSSS steel bridge adapted from [39] 
3.7 Repair cost ratios from Basoz and Mander [42] 
3.8 Replacement costs for the four case study bridges 
3.9 Retrofit cost estimates 
4.1 List of abbreviations 
4.2 As-built MSC concrete seismic LCC estimates for Caruthersville, MO 
4.3 As-built MSC steel seismic LCC estimates for Caruthersville, MO 
4.4 As-built MSSS concrete seismic LCC estimates for Caruthersville, MO 
4.5 As-built MSSS steel seismic LCC estimates for Caruthersville, MO 
4.6 Comparison of results for retrofitted MSC concrete bridge in Caruthersville, MO 
4.7 Comparison of results for retrofitted MSC steel bridge in Caruthersville, MO 
4.8 Comparison of results for retrofitted MSSS concrete bridge in Caruthersville, MO 
4.9 Comparison of results for retrofitted MSSS steel bridge in Caruthersville, MO 
4.10 Summary of ideal seismic retrofit based on objective to maximize CBR 
5.1 Material embodied energy factors [73] 
5.2 Energy estimates from materials for MSC concrete bridge 
5.3 Expected values of select sustainability metrics subjected to seismic threats 
v 
Al Calculation of replacement costs 
A2 As-built MSC concrete seismic LCC estimates for Charleston, SC 
A3 As-built MSC steel seismic LCC estimates for Charleston, SC 
A4 As-built MSSS concrete seismic LCC estimates for Charleston, SC 
A5 As-built MSSS steel seismic LCC estimates for Charleston, SC 
A6 As-built MSC concrete seismic LCC estimates for Los Angeles, CA 
A7 As-built MSC steel seismic LCC estimates for Los Angeles, CA 
A8 As-built MSSS concrete seismic LCC estimates for Los Angeles, CA 
A9 As-built MSSS steel seismic LCC estimates for Los Angeles, CA 
A10 Comparison of results for retrofitted MSC concrete bridge in Charleston, SC 
Al 1 Comparison of results for retrofitted MSC steel bridge in Charleston, SC 
A12 Comparison of results for retrofitted MSSS concrete bridge in Charleston, SC 
A13 Comparison of results for retrofitted MSSS steel bridge in Charleston, SC 
A14 Comparison of results for retrofitted MSC concrete bridge in Los Angeles, CA 
A15 Comparison of results for retrofitted MSC steel bridge in Los Angeles, CA 
A16 Comparison of results for retrofitted MSSS concrete bridge in Los Angeles, CA 
A17 Comparison of results for retrofitted MSSS steel bridge in Los Angeles, CA 
Bl Energy estimates from materials for MSSS concrete bridge 
B2 Energy estimates from materials for MSC steel bridge 
B3 Energy estimates from materials for MSSS steel bridge 
VI 
LIST OF FIGURES 
1.1 Categorical measures of the sustainability of built infrastructure [26] 
3.1 Typical MSC concrete bridge used in study, showing sample location retrofit 
measures [37] 
3.2 Seismic hazard curves for case study representative locations 
3.3 Example as-built and retrofitted fragility curves for MSC concrete and MSC steel 
bridges [37] 
4.1 Expected LCC of retrofits for Caruthersville, MO 
4.2 Expected LCC of retrofits for Charleston, SC 
4.3 Expected LCC of retrofits for Los Angeles, CA 
4.4 CBR for retrofitting of bridges in Caruthersville, MO 
4.5 CBR for retrofitting of bridges in Charleston, SC 
4.6 CBR for retrofitting of bridges in Los Angeles, CA 
4.7 Bridge lifespan variations for Caruthersville, MO 
4.8 Bridge lifespan variations for Los Angeles, CA 
5.1 Stepwise restoration functions defining slight through complete damage [39] 
vii 
CHAPTER 1 
Introduction 
1.1 Statement of Problem 
Consideration of the socio-economic impacts of natural hazards such as earthquakes, 
hurricanes, windstorms, and floods has historically motivated improvement in new design 
or rehabilitation of existing structures. Bridges, in particular, are vulnerable to natural 
disasters yet are a critical element of a community's transportation infrastructure. The 
Loma Prieta in San Francisco Bay, California (1989), Northridge in Los Angeles, 
California (1994), Hanshin-Awaji (Kobe) in southern Japan (1995), and Izmit in Turkey 
(1999) are just a few examples of bridges damaged by earthquakes in recent years [1-3]. 
In addition to direct losses due to bridge damage in such events, the indirect social and 
economic impact on a community can be even more devastating with inhibited 
emergency response capabilities, increased travel time in the transportation network, and 
business disruption, among other impacts. 
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While there have been widespread bridge seismic retrofit programs adopted in some 
regions of the United States to mitigate such consequences as mentioned above [4], 
questions still remain as to the most cost-effective upgrades and an approach for their 
assessment and selection, particularly in regions of large but infrequent events. Highway 
agencies are limited with the amount of resources available for immediate investment in 
seismic upgrade; therefore the life-time expected costs and benefits associated with the 
bridge performance are of increasing interest. This is due not only to the importance of 
weighing up-front expenses versus long term risks and benefits, but also the interest in 
aligning upgrade actions with highway agency missions for sustainable infrastructure 
[5,6], which necessitates life-time expected costs to be considered in addition to 
increasing public safety. Consequently, life-cycle cost (LCC) modeling for bridges has 
gained widespread interest in recent years. Unfortunately, an approach is lacking to 
support decision making on cost effective seismic retrofit of bridges considering life-time 
risks from hazard exposure and probabilistic damage and cost estimates. Moreover, a 
comparative study for common bridge types in regions where large but infrequent events 
might occur, such as the Central and Southeastern United States, would provide guidance 
as to the most viable retrofit measures to support risk mitigation for bridge infrastructure. 
1.2 Research Motivation 
A rational approach to life-cycle cost analysis considers all costs incurred over the 
structure's life-time ranging from initial construction, maintenance and repair, to 
deconstruction, among others, expressed in present day dollars [7]. Although most studies 
evaluating bridge life-cycle costs have emphasized assessment of maintenance or repair 
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strategies [8-10], past work by other researchers have noted the important contribution of 
extreme events to a structure's life-cycle costs [11]. For example, Wen [12] emphasized 
the use of the principle of minimum life-cycle cost criteria to achieve the desired 
reliability for performance-based design of steel buildings under multiple threats 
scenarios. The use of economic cost-benefit ratios to attain the optimal reliability levels 
in reinforced concrete buildings located in seismic zones has also been proposed [13]. 
Furthermore, Takahashi et al. [14] demonstrated the use of Monte Carlo simulation in 
life-cycle cost analysis of a nine-storey building with damping devices while considering 
a non-stationary earthquake occurrence model. 
Pertaining to highway bridges, Sato et al. [15] proposed a framework to prioritize 
bridges in need of seismic retrofit with different service lives and different levels of 
importance on the basis of life-cycle cost. Furuta et al. [16] used multi-objective 
optimization techniques to evaluate bridge maintenance actions that minimize the life-
cycle cost associated with both maintenance and seismic risk to a Japanese bridge pier. 
Cho et al. [17] compared the effectiveness of retrofit measures such as elastomeric 
bearings and restrainer cables on the basis of minimum life-cycle cost, primarily based on 
first order reliability methods for probabilistic seismic damage analysis and the use of 2-
dimensional analytical models of steel bridges in Korea. While their study did not 
account for the relative differences in life-cycle cost estimation stemming from different 
bridge types or hazard locations, which may potentially affect the selection of optimal 
retrofit measure, it illustrates the opportunity to conduct bridge retrofit assessment using 
life-time financial objective measures. 
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Analysis of a wide range of retrofit measures for different classes of multi-span 
highway bridges is yet to be fully explored through a rigorous risk-based approach to 
cost-benefit analysis, or using input fragility models rooted in 3-dimensional non-linear 
dynamic analysis. In this thesis, the effect of various critical parameters such as change in 
hazard exposure, bridge type (e.g., multi-span continuous or multi-span simply supported 
steel girder), or retrofit measure on the seismic life-cycle cost and cost-benefit ratio is 
explored to provide new insight on viable retrofit measures. The study is intended to 
pose and illustrate a risk based life-cycle cost-benefit framework for assessing retrofit of 
bridges in seismic zones. Furthermore, the results provide guidance as to viable retrofit 
selection for bridges particularly common to the Central and Eastern United States. 
1.3 Relation to Goals of Sustainable Infrastructure 
The primary goal of this thesis is to examine and quantify bridge infrastructures life-cycle 
cost from seismic exposure to identify retrofit improvements. However, this is just a 
small piece in the big picture of engineering sustainable infrastructure for systems 
susceptible to multiple threats. The fundamental goal of sustainable infrastructure is to 
improve the harmony between the built and natural environment by mitigating negative 
environmental, social, and economic consequences related to infrastructure performance, 
which should include consideration for exposure to natural hazards. A range of 
definitions of sustainable infrastructure exist in literature [18-24]. In the context of this 
thesis, sustainable built infrastructure continues to effectively serve public needs despite 
numerous physical threats to its performance, while promoting limited environmental, 
social, and economic strains as a result of its existence [25]. 
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Overarching principles of sustainable infrastructure require consideration of life-
cycle performance, risks to various threats including natural hazards, and impacts on 
social, environmental, and economic systems, often referred to as the triple bottom line or 
the three pillars of sustainability (Figure 1.1) [21-22,24]. 
/ Social \ 
/ \ Bearable / K . Equitable / N. 
/ \ ^ ^ /Sustainable\ ^^^ \ 
( Environment i ^ Economic ) 
Figure 1.1 Categorical measures of the sustainability of built infrastructure [26] 
As the community embraces these principles, a solid foundation of research is required to 
provide methods that quantify the sustainability of existing infrastructure, including 
proving a quantified link between natural hazard risks and sustainable design [23]. 
This thesis aims to contribute to the big picture of sustainable management of our 
nation's bridge infrastructure by establishing a framework for integrating seismic risk 
assessment with life-cycle cost modeling for upgrade selection. Using a risk-based 
performance assessment with the consideration of life-time impacts as opposed to upfront 
costs alone, this thesis aides in the formulation of just one of the three pillars of 
sustainability, economics, with opportunities for extension to other metrics such as 
energy usage, public disruption, or waste generation. These topics and extensions into the 
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other two pillars of sustainability, social and environmental impacts, are further discussed 
in Chapter 5 where an example case is used to illustrate assessment of multiple metrics of 
sustainable performance given exposure to seismic hazards. 
1.4 Organization of Remainder of Thesis 
The following chapters of this thesis pose the method and application of life-cycle cost-
benefit analysis for bridge seismic retrofit selection, in order to provide decision support 
for agencies aiming to promote more sustainable bridge infrastructure despite seismic 
threats. Chapter 2 poses the formulation for the seismic life cycle costing and cost-benefit 
analysis (LCC-B). Chapter 3 presents a detailed LCC-B analysis for representative 
Central and Eastern United States bridges. Four bridge types are considered to compare 
the cost-effectiveness of seven different retrofit options considering various seismic 
exposure conditions. The results of the retrofit comparison are presented in Chapter 4 
including summary of viable retrofit options for each bridge type and hazard exposure. 
Chapter 5 poses a framework for future work to extend the assessment beyond cost of 
seismic damage to other metrics of sustainable bridge performance. A summary and 
conclusions are given in Chapter 6. 
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CHAPTER 2 
Formulation of Seismic Life-Cycle Cost Model and Cost-Benefit Analysis 
The seismic life-cycle cost-benefit (LCC-B) analysis proposed in this thesis requires the 
integration of information regarding the seismic hazard, bridge performance, costs 
associated with bridge damage, and costs of retrofit. The life-cycle costing integrated in 
the seismic retrofit cost-benefit analysis emphasizes the potential life-time costs due to 
seismic damage. This section outlines the seismic LCC-B modeling framework, which 
will subsequently be applied in Chapter 4 for bridge retrofit evaluation. 
2.1 Seismic Life-Cycle Costing 
The uncertainty in seismic ground shaking can be described in terms of the probability 
distribution of an adequate earthquake intensity measure, such as peak ground 
acceleration (PGA), over a given period, which is typically one year as presented by the 
US Geological Survey (USGS) [27]. The seismic hazard for a particular location is 
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frequently presented as a mean seismic hazard curve, H(a), which offers the annual 
probability of exceeding specified levels of PGA, a, as shown in the equation below: 
H(d) = P[PGA > a] (2.1) 
The seismic hazard is coupled with bridge fragility models in order to evaluate the 
annual probability of exceeding different levels of damage. Bridge fragility curves 
provide a quantitative measure of the vulnerability of bridges in their existing or 
retrofitted condition, or susceptibility to different levels of damage, termed in this study 
as damage states. The fragility curves used in this study for slight, moderate, extensive, 
and complete damage states will be discussed in greater detail in Section 3.2.2. The 
seismic fragility curves are estimated as a lognormal distribution, indicating the 
probability of meeting or exceeding different levels of damage (DS) conditioned upon the 
peak ground acceleration: 
P[DS > ds\PGA = a] = 4> (ln(PGA)"s'yns(medsys)) (2.2) 
where medsyS is the median value of the fragility of the bridge system in units of g, ^sys is 
the dispersion or logarithmic standard deviation of the system fragility, and 0 is the 
standard normal cumulative distribution function. The median and logarithmic standard 
deviation can be obtained from a probabilistic analysis of the analytical bridge model 
subjected to a suite of ground motion intensities. The intensity measure of peak ground 
acceleration is used in the seismic life-cycle cost formulation presented due to the 
identification of PGA as an optimal intensity measure for fragility analysis of the types of 
bridges analyzed in the case study as further discussed in the next section. However, the 
same approach for LCC-B analysis can be conducted through appropriate substitution of 
other hazard intensity measures. Assuming the arrival of earthquakes as a Poisson 
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process, the mean seismic hazard curve is convolved with the bridge fragility in order to 
assess the annual probability of exceeding each damage state [28]: 
dH{a) PAf = JP[DS > ds\PGA = a] ^ - da (2.3) 
As illustrated in previous studies [29-31] earthquake occurrence is assumed to follow 
a Poisson process in the present analysis of the expected life-cycle cost. It is 
acknowledged that in certain regions characterized by large infrequent earthquakes non-
Poissonian time dependent models may represent earthquake occurrences more 
accurately [32-34], and that the Poisson assumption herein is adopted for the sake of 
modeling simplicity. Under these assumptions, the expected value of the life-cycle costs 
due to seismic damage in present day dollars can be expressed as follows [12]: 
E[LCC] = ± (1 - e-« r ) E}= 1(-C ; [Zn(l - PTfj) - ln(l - PTfj+i)]) (2.4) 
where j is the particular damage state, T is the remaining service life of the bridge, C, is 
the cost associated with damage state j , and PTJJ is the T-year probability of exceeding 
damage state j , estimated as: 
pTfj = i - a - pAfy (2.5) 
A constant discount rate, a , is used for converting future costs into present values, 
which are based on the idea that costs and benefits incurred now are worth more to the 
decision makers. The life-cycle cost in equation 2.4 does not include the initial cost of 
construction or maintenance costs of the bridge, but rather gives an estimate of the cost 
incurred due to damage from life-time seismic exposure. Inherent in the equation is the 
assumption that regardless of the damage level, the bridge is restored to its original state 
after each seismic hazard occurrence. Additionally, the capacity of the structural 
components against seismic loading is assumed to remain constant over the bridge's 
remaining life (i.e. its seismic fragility un-changed in time). Hence the T-year probability 
of exceeding each damage state can be found as given in equation 2.5 with the damage 
state exceedance probabilities at each point in time assumed to be identical and 
independent. The LCC model presented provides an expression of the expected value of 
losses due to life-time exposure to seismic hazards, where the use of alternative fragility 
curves for different retrofitted conditions enables a comparison of the economic impacts 
of retrofit. 
2.2 Life-Cycle Cost-Benefit Analysis 
A cost-benefit analysis is a well known tool for comparing alternative investments, 
though it is frequently used in scenario driven applications [7,14,29]. The model 
presented in the previous section, however, presents an opportunity to assess the cost 
effectiveness of bridge retrofit through a risk-based framework. The fragility curves 
coupled with probabilistic seismic hazard curves and costs estimated from bridge damage 
allow for assessment of economic losses with and without the retrofit in place. The 
benefit of a particular retrofit, r, is evaluated as the difference between the expected 
present value of the losses without retrofit, LCCas.bUiit, and the present value of the losses 
with retrofit, LCCr, as shown in: 
Benefitr = E[LCCas_buat] - E[LCCr] (2.6) 
The cost-benefit ratio (CBRr) for a particular retrofit is then assessed as the ratio 
between the net present value of the investment in retrofit {Benefitr), and the initial cost 
of the retrofit (Costr): 
= Benefitr 
r
 Costr 
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The CBR is a measure of the financial return for each dollar invested in the seismic 
retrofit. A CBR greater than one indicates a positive return on investment, and the retrofit 
with the largest CBR has a larger expected savings in losses over the remaining life, per 
dollar invested in mitigation. It is noted that a CBR less than one may still be favorable in 
certain cases due to non-monetary benefits of retrofit and social responsibility, such as 
loss of life avoided [35]. 
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CHAPTER 3 
Seismic LCC-B Analysis of Representative Bridges 
The framework for seismic LCC-B analysis presented in Chapter 2 is applied herein 
through a case study assessment of retrofit evaluation for representative non-seismically 
designed highway bridges. The following sections describe the input models and 
assumptions for the comparative assessment. The bridge types and retrofits considered 
below are primarily targeted at non-seismically designed highway overpass bridges, such 
as those typical of Central and Eastern United States (CEUS) bridge inventories. Bridge 
owners in this region are particularly challenged to make risk-informed decisions due to 
the nature of low probability high consequence events, and the need to manage 
uncertainties associated with seismic performance given the limited budgets available for 
seismic upgrade. Moreover, the many states in this region have adopted some form of a 
mission indicating an objective of safe, cost effective, and sustainable infrastructure, 
including language of "preserving infrastructure", "ensuring safety and efficiency", and 
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"promoting economic viability" [5,6]. This comparative assessment will help to identify 
cost effective upgrades for mitigating the adverse effects of life-time seismic exposure. 
3.1 Bridge Types and Retrofits Considered 
Four different bridge types are considered in the analysis: including multiple span 
continuous steel girder (MSC steel), multiple span simply supported steel girder (MSSS 
steel), multiple span continuous concrete girder (MSC concrete), and multiple span 
simply supported concrete girder (MSSS concrete) bridges. All four classes are assumed 
with zero skew and three span highway overpass bridges supported on multi-column 
bents. The non-seismic detailing considered is common of CEUS bridge inventories, such 
as having approximately 1% longitudinal reinforcement in poorly confined reinforced 
concrete columns, short seat widths, and vulnerable high-type steel fixed and rocker 
bearings in the steel bridges [36]. The representative bridges selected from each bridge 
class, including dimensions and dynamic periods, used in the present analysis are given 
in Table 3.1 below. It should be noted that Ti and T2 values represent the first and second 
period, longitudinal and transverse for all bridge types. 
Table 3.1 Dimensions and dynamic characteristics of representative bridges used in case study 
Bridge Type 
MSC concrete 
MSSS concrete 
MSC steel 
MSSS steel 
End span 
length 
(m) 
12.2 
12.2 
22.3 
12.2 
Mid span 
length 
(m) 
22.6 
13.4 
22.3 
13.7 
Deck 
width 
(m) 
12.8 
10.4 
10.3 
10.5 
Column 
height 
(m) 
3.93 
4.23 
4.08 
4.02 
No. of 
girders 
8 
5 
5 
5 
T, 
(s) 
0.59 
0.46 
0.33 
0.25 
T2 
(s) 
0.49 
0.37 
0.23 
0.21 
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Past studies have illustrated that these bridges types are susceptible to damage to 
fixed and expansion bearings leading to potential span unseating, excessive ductility 
demands on non-seismically detailed columns, pounding between adjacent spans and 
between the deck and abutment, among other issues that may lead to potential inhibition 
of post-event bridge functionality and the need for repair or replacement [35,36]. In order 
to address the potential vulnerabilities of the multi-span bridges, five different retrofit 
strategies are considered in this study: steel column jackets, elastomeric isolation 
bearings, steel restrainer cables, seat extenders, and transverse shear keys. The combined 
use of seat extenders and shear keys, or restrainer cables and shear keys is also 
considered. Figure 3.1 below illustrates the seismic retrofit measures considered and their 
location in a typical three span overcrossing bridge. 
Figure 3.1 Typical MSC concrete bridge used in study, showing sample locations and retrofit 
measures [37] 
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The steel jackets (SJ) are considered to span the full column height, where 10 mm 
thick A36 steel casings provide increased compressive strength and ultimate strain of 
confined concrete and enhance the ductility capacity of the columns. The elastomeric 
bearings (EB) replace existing fixed and expansion bearings to provide a form of 
isolation shifting of the natural period of the bridge out of the region of dominant 
earthquake energy, and decoupling the superstructure from the substructure. Longitudinal 
steel restrainer cables (RC) are provided at the deck-abutment interface, as well as 
between the deck and bent beam of simply supported bridges. They limit the relative 
hinge displacement of the system and aim to prevent undesirable girder unseating which 
would lead to the collapse of a bridge span. Furthermore, since many bridges have 
relatively short seat widths and unseating is of great concern during a seismic event, the 
use of seat extenders (SE) serve as a failsafe to deck collapse by providing an extended 
support length. Being the simplest and one of the least expensive means of preventing 
unseating, they allow the super-structure to float over the substructure and increase the 
capacity of the bridge to sustain longitudinal displacement over the supports even in the 
event of toppled bearings. The final form of retrofit considered in this analysis are shear 
keys (SK) which often take the form of reinforced concrete blocks doweled into bent 
beams or at the abutment. They serve to restrain the deck motion when a bridge is excited 
in the transverse direction and facilitate shear force transfer to the substructure. A 
detailed discussion of each retrofit measure, typical design assumptions and further 
details for the bridge types considered may be found in Padgett [35]. For the bridge 
retrofit assessments presented, the remaining life of the bridge, T, is assumed to be 50 
15 
years for all of the bridges as a base case for comparison. The sensitivity of the results to 
this parameter is discussed in Section 4.3. 
3.2 Seismic LCC-B Input Models and Case Study Assumptions 
3.2.1 Seismic Hazard 
In order to evaluate the seismic LCC and cost effectiveness of various retrofit measures 
for the four bridges considered, the model presented in Chapter 2 is applied. Given that 
the bridge classes considered are most typical to the CEUS (or potentially reflective of 
pre-1971 non-seismically designed bridges in the West coast), two locations are selected 
out of the CEUS region and a third for comparison on the West coast. The LCC-B is 
conducted considering the same four bridges and retrofits, but evaluated at the following 
sites: Charleston, South Carolina; Caruthersville, Missouri; and Los Angeles, California. 
These locations represent unique seismic hazard characteristics in order to evaluate their 
impacts on anticipated life-time seismic costs and retrofit impacts. The location specific 
seismic hazard curves from the USGS [27] are presented in Figure 3.2 for the three sites. 
I 
•g 
o.i • 
0.01 
0.001 • 
c 0.0301 
C.00001 
^ \ w 
Los Angeles California 
Caruthersville, h/!i«r<ouri 
-—— Charleston, South Carolina 
\ \ 
, \ 
0.001 o,o: 0.1 10 
Peak Ground Acceleration, pga (g) 
Figure 3.2 Seismic hazard curves for case study representative locations 
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It should be noted that the values of the y-axis, Annual Probability of Exceedance, 
are 'mean' values taken over a one year period. The relative flatness of the Caruthersville 
and Charleston hazard curves compared to the Los Angeles hazard curve is noted, and 
exemplifies the characteristic of the difference in West Coast versus Central and Eastern 
US hazards. The implications that the higher potential for large infrequent events in the 
CEUS may have on cost-effective retrofit strategy selection will be investigated. 
3.2.2 Fragility Curves 
The relative vulnerability of bridges in their as-built and retrofitted state are represented 
through their fragility models, as discussed in Chapter 2. Each fragility curve is 
characterized by a median value of ground motion PGA and an associated dispersion, or 
lognormal standard deviation, for integration in the seismic LCC-B model. Details of the 
methodology used for developing the fragility curves used in this study can be found 
elsewhere [36,38]. In the approach presented for this study, fragility curves are developed 
using 3-dimensional non-linear time history analysis for probabilistic seismic demand 
modeling. The bridge system fragility curves are developed by comparing the demand 
models to capacity estimates for multiple vulnerable components, including the columns, 
fixed and expansion bearings, active, passive and transverse response of the abutments. 
Each damage state (slight, moderate, extensive, and complete) is related to an anticipated 
level of post-event functionality, ranging from temporary restrictions for one day to 
complete closure beyond 30 days. Uncertainty in the ground motion, material properties, 
component modeling, demand, and capacity are all considered in the analysis. A series 
system assumption is applied in the adopted methodology, implying that failure (or 
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damage) of any one component or combination of components is indicative of overall 
damage to the system. Furthermore, the bridge system fragility analysis considers the 
correlation between component damage. However, rather than being developed for 
general portfolios of bridges, the fragility curves used in this study are developed for the 
particular bridge geometry presented for the case study, in order to enable the bridge 
retrofit LCC-B analysis using geometry-specific cost estimates. Table 3.2 presents the 
fragility parameters, in units of g PGA, for the four bridge types in their as-built state. 
Table 3.2 System fragility parameters for case study bridges for each damage state 
Bridge Type 
MSC concrete 
MSC steel 
MSSS concrete 
MSSS steel 
Slight 
sys 
0.15 
0.22 
0.21 
0.27 
0.81 
0.53 
0.69 
0.45 
Moderate 
medsys C, 
sys 0.58 
0.43 
0.61 
0.52 
0.66 
0.51 
0.60 
0.41 
Extensive 
medsys C sys 
0.83 
0.54 
0.86 
0.67 
0.66 
0.54 
0.60 
0.45 
Complete 
medsys C, 
sys 1.15 0.66 
0.70 0.57 
1.20 0.61 
1.00 0.51 
The fragility curves are scaled to account for the various retrofit measures using the 
median value modification factors previously developed for each bridge type [39]. The 
modification factors are presented below in Figures 3.3-3.6. This scaling of the fragility 
curve reflects the impact of retrofit on the bridge system fragility, noting that the impact 
of retrofit differs by bridge type and damage state. 
Table 3.3 Modification factors for MSC concrete bridge adapted from [39] 
Retrofit Measure 
SJ 
EB 
RC 
SE 
SK 
RC+SK 
SE+SK 
Slight 
1.03 
2.94 
1.04 
1.01 
1.01 
1.04 
1.01 
Moderate 
1.16 
1.31 
0.96 
1.00 
0.98 
0.96 
0.97 
Extensive 
1.17 
1.21 
1.01 
1.00 
0.99 
1.04 
0.99 
Complete 
1.20 
1.17 
1.05 
1.31 
1.01 
1.12 
1.37 
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Table 3.4 Modification factors for MSC steel bridges adapted from [39] 
Retrofit Measure 
SJ 
EB 
RC 
SE 
SK 
RC+SK 
SE+SK 
Slight 
1.04 
1.37 
1.03 
0.99 
1.08 
1.09 
1.09 
Moderate 
1.14 
1.00 
1.05 
1.01 
1.14 
1.17 
1.15 
Extensive 
1.14 
1.27 
1.11 
1.00 
1.13 
1.21 
1.15 
Complete 
1.18 
1.61 
1.17 
1.21 
1.09 
1.21 
1.41 
Table 3.5 Modification factors for MSSS concrete bridge adapted from [39] 
Retrofit Measure 
SJ 
EB 
RC 
SE 
SK 
RC+SK 
SE+SK 
Slight 
1.05 
1.62 
1.01 
0.99 
1.04 
1.06 
1.04 
Moderate 
1.30 
1.00 
1.07 
1.03 
0.97 
1.03 
1.01 
Extensive 
1.33 
1.05 
1.10 
1.02 
0.92 
1.06 
0.95 
Complete 
1.41 
1.17 
1.13 
1.32 
0.87 
1.07 
1.22 
Table 3.6 Modification factors for MSSS steel bridge adapted from [39] 
Retrofit Measure 
SJ 
EB 
RC 
SE 
SK 
RC+SK 
SE+SK 
Slight 
1.06 
1.57 
1.03 
1.00 
0.99 
1.02 
0.99 
Moderate 
1.06 
1.00 
1.03 
1.00 
0.98 
1.02 
0.98 
Extensive 
1.07 
1.37 
1.04 
1.00 
0.98 
1.04 
0.99 
Complete 
1.13 
1.39 
1.11 
1.26 
0.97 
1.09 
1.23 
Applying the modification factors presented in [39] introduces consistency with 
practice standards by using the same assumptions regarding the retrofit measures and 
their design, in deriving the scaling factors into the current study of LCC-B. Thus the 
findings of this study are relevant for retrofit assumptions that were adopted based typical 
CEUS practice. For example, the steel jackets were considered to be full column height 
jackets; restrainers designed to carry half the superstructure weight; elastomeric bearings 
designed to provide approximately a 2.5-fold increase in fundamental period in the 
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longitudinal direction; shear keys designed to limit column force transfer to half of their 
shear strength; and seat extenders provide an additional 152 mm of support length [39]. 
Sample fragility curves for the MSC concrete and MSC steel bridges corresponding to 
the moderate and complete damage states are presented in Figure 3.3 for as-built bridge 
compared to various retrofit measures. 
MSC Concrete Bridge : Moderate Damage State M S C Concrete Bridge : Complete Damage State 
Figure 3.3 Example as-built and retrofitted fragility curves for MSC concrete and MSC steel 
bridges [36] 
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These curves illustrate the reduction in damage state exceedance probability with the 
various retrofit measures employed in the MSC concrete and MSC steel bridges. As 
illustrated by Figure 3.3, and inferred from the median value scaling factors presented in 
Tables 3.3-3.6, the elastomeric bearings reduce the vulnerability of the MSC steel bridge 
system at the moderate damage state while the seat extenders are more effective at the 
complete damage state. Tables 3.3-3.6 above, which show the median value scaling 
factors, provide an indication of the relative effectiveness of retrofit for different bridge 
types and retrofit measures. While the combined use of seat extenders and shear keys 
yields the greatest reduction in complete damage fragility for the MSC concrete bridge, 
the elastomeric bearings have the largest scaling factor for the MSC steel bridge. 
3.2.3 Cost Estimates 
In addition to the seismic hazard curves and fragility models, the present value of total 
losses presented in equation 2.4 is also a function of the remaining life, discount rate, and 
cost associate with repair of each damage state. For the base case retrofit assessment, a 
remaining life, T, of 50 years is assumed for all of the bridges. The influence of varying 
this parameter will be assessed later in Chapter 5. The constant discount rate, a, is taken 
as 3%. Although there is debate over the most appropriate discount rate to use, this 
discount rate of 3% is assumed given analysis of public works evaluated using 2008 
repair and replacement costs [40,41]. Costs associated with repair from each damage 
state, Cj, are estimated as a fraction of the replacement cost using the repair cost ratios 
estimated by Basoz and Mander [42]. These repair cost ratios for each damage state 
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assessed in the fragility analysis can be seen in Table 3.7 below where n is the number of 
spans of the bridge. 
Table 3.7 Repair cost ratios from Basoz and Mander [42] 
Damage State Best Mean Repair Cost Ratio 
Slight O03 
Moderate 0.08 
Extensive 0.25 
Complete 1.0 (if n< 3) 
2.0/n(ifn>3) 
The replacement costs for each bridge are estimated based on regional bridge 
construction costs and presented in Table 3.8. These replacement costs are estimated 
using bridge system replacement costs normalized by deck area determined from historic 
construction data from local departments of transportation in 2008 [43], and the bridge 
specific deck area readily assessed from Table 3.1. Details on the calculation of these 
replacement costs are given in Appendix A Table Al. 
Table 3.8 Replacement costs for the four case study bridges 
Bridge Type 
MSC Concrete 
MSC Steel 
MSSS Concrete 
MSSS Steel 
Replacement Costs 
$438,237 
$699,593 
$286,369 
$406,159 
The losses estimated as the fraction of replacement cost include only direct losses 
due to structural damage. However, the indirect losses due to increased travel time from 
bridge damage have been found in past studies to be on the order of 5-20 times larger 
than the direct losses [44]. As a simple approach to acknowledge and account for these 
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indirect losses, the total cost of losses associated with each damage state is assumed to be 
13 times larger than the estimated repair costs. 
Finally, in order to assess the cost-benefit of each retrofit as shown in equations 2.6 
and 2.7, retrofit cost estimates are required in addition to the benefits of avoided losses 
due to retrofit. Costs estimates are presented in Table 3.9 for each retrofit measure based 
on a review of CEUS retrofit practice and regional retrofit cost estimates [35,45]. For 
example, the cost of isolation with elastomeric bearings is estimated to be 5% of the 
bridge replacement cost, while the restrainer cables are estimated to cost $705/restrainer 
cable. It is noted that these input models and estimates form the basis of the illustrative 
seismic LCC-B case study presented herein, but that the results are highly sensitive to the 
cost estimates, which should be refined for alternate bridge specific applications. 
Table 3.9 Retrofit cost estimates 
Retrofit Measure Cost Estimate 
Elastomeric Bearings 5% of replacement cost 
Seat Extenders $375 each + $3000 labor 
Restrainer Cables $705 each 
Shear Keys $375 each + $3000 labor 
Steel Jackets $6000 per column 
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CHAPTER 4 
Case Study Results and Discussion 
In this chapter the results of the case study are presented. A detailed discussion of the 
retrofit evaluation of one bridge type (multi-span continuous concrete) for a particular 
location (Caruthersville, Missouri) is presented followed by an overall analysis for all 
three locations, four bridge types, and seven retrofit options. For easy reference, a list of 
abbreviations used is given in Table 4.1. 
Table 4.1 List of abbreviations 
Element 
Multi-Span Continuous Concrete 
Multi-Span Continuous Steel 
Multi-Span Simply Supported 
Multi-Span Simply Supported 
Steel Jackets 
Elastomeric Bearings 
Restrainer Cables 
Shear Keys 
Seat Extenders 
Concrete 
Steel 
Abbreviation 
MSC-C 
MSC-S 
MSSS-C 
MSSS-S 
SJ 
EB 
RC 
SK 
SE 
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4.1 LCC-B Analysis: Bridges in Caruthersville, Missouri 
The expected life-cycle costs are evaluated for the four bridges in their as-built and 
retrofitted condition, taking into account that they are located in Caruthersville, MO near 
the New Madrid seismic zone. Estimating the life-cycle cost for a particular bridge 
requires the knowledge of the probability of exceeding each damage state (refer to 
equations 2.1-2.5) and the cost associated with the different damage states as previously 
described. The 50-year probability of exceedance for each of the four damage states is 
estimated following a convolution of the hazard curve for Caruthersville and fragility 
curves for the four bridges in their as-built and retrofitted conditions. Tables 4.2-4.5 
present the 50-year exceedance probabilities for the as-built bridge. 
Table 4.2 As-built MSC concrete seismic LCC estimates for Caruthersville, MO 
Damage State 
Parameter 
Slight Moderate Extensive Complete 
Repair cost estimate ($) 
50-year damage state exceedance 
probability 
Contribution to seismic LCC ($) 
13,147 
0.190 
12,356 
35,059 
0.068 
4886 
109,559 292,158 
0.049 0.030 
12,127 62,546 
Table 4.3 As-built MSC steel seismic LCC estimates for Caruthersville, MO 
Damage State 
Parameter 
Slight Moderate Extensive Complete 
Repair cost estimate ($) 
50-year damage state exceedance 
probability 
Contribution to seismic LCC ($) 
20,988 
0.1437 
7659 
55,968 
0.0947 
5631 
174,899 466,393 
0.0822 0.0667 
17,988 178,112 
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Table 4.4 As-built MSSS concrete seismic LCC estimates for Caruthersville, MO 
Parameter 
Repair cost estimate ($) 
50-year damage state exceedance 
probability 
Contribution to seismic LCC ($) 
Table 4.5 As-built MSSS steel seismic 
Parameter 
Repair cost estimate ($) 
50-year damage state exceedance 
probability 
Contribution to seismic LCC ($) 
Slight 
8592 
0.1417 
5226 
Damage State 
Moderate 
22,910 
0.0595 
3063 
Extensive 
71,593 
0.0399 
7683 
LCC estimates for Caruthersville, MO 
Slight 
12,185 
0.1180 
3638 
Damage State 
Moderate 
32,493 
0.0773 
3692 
Extensive 
101,540 
0.0628 
15,672 
Complete 
190,913 
0.0249 
37,712 
Complete 
270,773 
0.0393 
63,276 
The repair cost for each damage state are presented in Tables 4.2-4.5 which are 
estimated from the repair cost ratios (Table 3.7) as a function of each bridge's 
replacement cost (Table 3.8). Also shown in the previous tables are the contributions of 
each damage state to the total expected life-cycle cost in present day dollars, prior to the 
summation to total expected LCC indicated in equation 2.4. While the complete damage 
state has the lowest 50-year exceedance probability, it contributes a majority of the 
expected LCC. It is also noted, however, that the contrast in damage state exceedance 
probability is more dramatic between the slight and complete damage states for the 
bridge sited in Los Angeles than for the present example in Caruthersville due to the 
slope of the hazard curve. The as-built bridge LCC estimates for the Charleston, South 
Carolina and Los Angeles, California locations can be found in Appendix A Tables A2-
A9. 
A similar approach as taken to find the expected life-cycle cost for the bridges with 
each retrofit measure: steel jackets, elastomeric isolation bearings, restrainer cables, shear 
26 
keys, seat extenders, and the combined use of seat extenders and shear keys, or restrainer 
cables and shear keys. Tables 4.6-4.9 present the expected LCC for each retrofit due to 
50-year seismic exposure converted to present day dollars via equation 2.4. Results for 
the Charleston, South Carolina and Los Angeles, California locations are presented in 
Appendix A Tables A10-A17. 
Table 4.6 Comparison of results for retrofitted MSC concrete bridge in Caruthersville, MO 
Retrofit 
As-Built 
Steel jacket 
Elastomeric bearing 
Restrainer cable (RC) 
Shear key (SK) 
Seat extender (SE) 
SE+SK 
RC+SK 
Seismic LCC 
($) 
91,915 
79,051 
65,760 
87,101 
91,251 
76,601 
76,639 
84,123 
Standard 
Deviation 
($) 
32,599 
27,709 
14,826 
30,185 
32,298 
26,424 
26,886 
29,386 
Benefit 
($) 
— 
12,864 
26,155 
4841 
664 
15,314 
15,276 
7792 
Cost 
($) 
— 
36,000 
21,912 
11,280 
23,250 
9000 
32,250 
34,530 
CBR 
— 
0.36 
1.19 
0.43 
0.03 
1.70 
0.47 
0.23 
Table 4.7 Comparison of results for retrofitted MSC steel bridge in Caruthersville, MO 
Retrofit 
Seismic LCC 
($) 
Standard 
Deviation 
($) 
Benefit 
($) 
Cost 
($) CBR 
As-Built 
Steel jacket 
Elastomeric bearing 
Restrainer cable (RC) 
Shear key (SK) 
Seat extender (SE) 
SE+SK 
RC+SK 
209,390 
182,370 
155,290 
185,330 
191,180 
187,430 
160,060 
175,450 
74962 
62876 
42711 
62578 
67638 
60195 
49367 
59998 
— 
27,020 
54,100 
24,060 
18,210 
21,960 
49,330 
33,940 
— 
24,000 
34,980 
7050 
12,000 
6750 
18,750 
19,050 
— 
1.13 
1.55 
3.42 
1.52 
3.25 
2.63 
1.78 
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Table 4.8 Comparison of results for retrofitted MSSS concrete bridge in Caruthersville, MO 
Retrofit Seismic LCC 
($) 
Standard 
Deviation 
($) 
Benefit 
($) 
Cost 
($) CBR 
As-Built 
Steel jacket 
Elastomeric bearing 
Restrainer cable (RC) 
Shear key (SK) 
Seat extender (SE) 
SE+SK 
RC+SK 
53,684 
39,163 
44,778 
48,378 
59,678 
44,665 
47,603 
49,921 
15181 
10338 
10641 
13530 
16763 
12062 
12712 
13827 
— 
14,521 
8906 
5306 
-5994 
9019 
6081 
3763 
— 
24,000 
14,319 
21,150 
16,500 
14,250 
30,750 
37,650 
— 
0.61 
0.62 
0.25 
-0.36 
0.63 
0.20 
0.10 
Table 4.9 Comparison of results for retrofitted MSSS steel bridge in Caruthersville, MO 
Retrofit 
Seismic LCC 
($) 
Standard 
Deviation 
($) 
Benefit 
($) 
Cost 
($) CBR 
As-Built 
Steel jacket 
Elastomeric bearing 
Restrainer cable (RC) 
Shear key (SK) 
Seat extender (SE) 
SE+SK 
RC+SK 
86,277 
76,261 
62,504 
78,316 
88,957 
73,136 
74,905 
79,557 
22432 
18989 
13708 
19274 
23173 
16932 
17326 
19144 
— 
10,016 
23,773 
7961 
-2680 
13,141 
11,372 
6720 
— 
24,000 
20,308 
21,150 
16,500 
14,250 
30,750 
37,650 
— 
0.42 
1.17 
0.38 
-0.16 
0.92 
0.37 
0.18 
The change in LCC from the as-built case provides new insight as to the life-time 
losses avoided through retrofit. While traditional practice may emphasize comparison of 
the upfront investment alone, this approach provides an opportunity to evaluate the life-
time benefits from risk mitigation. For example, in Table 4.6 the expected value of the 
seismic life-cycle costs decreases by 28% using the elastomeric bearing retrofit. This 
reduction is attributed to the reduction in the fragility at each damage state due to 
isolation. The seat extenders, which improve only the complete damage state, reduce the 
expected LCC by 17% due to the relative contribution of the complete damage state to 
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the total LCC. Additionally, the standard deviations of the estimated life-cycle costs for 
the as-built bridge and for the bridge with different retrofit measures employed are also 
presented. It can be seen that besides being most successful in reducing the life-cycle 
cost, the elastomeric bearings also result in least deviations from the expected value. 
However, the final retrofit selection depends on both the expected life-cycle cost and the 
cost of retrofit in the form of a cost-benefit ratio analysis. Tables 4.6-4.9 also show the 
costs and benefits of each retrofit measure, in terms of avoided losses, used to find the 
cost-benefit ratio (CBR) from equations 2.6 and 2.7. The cost-benefit ratio provides a 
quick screening of which retrofit is the most economically beneficial. A comparison of 
the CBR reveals that the use of seat extenders is the most cost-effective retrofit measure 
for the MSC concrete bridge in Caruthersville, with a CBR of 1.7. This indicates that for 
every dollar invested the seismic retrofit, the realized expected return is an estimated 
$1.7. While this study presented targets maximum CBR emphasizing use of expected 
LCC, the potential importance of considering the variance in life-cycle cost and 
anticipated benefit of retrofit is also noted. Additional studies revealed that comparison of 
the different retrofit measures at the respective upper and lower limits of the CBR values, 
estimated as the expected life-cycle cost ±1 standard deviation for the as-built and 
retrofitted bridge, leads to the same retrofit selection for this study. Care should be taken, 
however, in selecting the most economic retrofit measure when the expected life-cycle 
costs are associated with high variances and differ significantly among the as-built bridge 
and various retrofit options. 
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4.2 Summary of LCC-B Analysis: All Cases Considered 
Following the same steps as explained in the previous section, life-cycle cost and cost-
benefit ratio analysis was carried out for the four different bridge types with each retrofit 
measure at three different locations across the US. Figures 4.1-4.3 show the life-cycle 
cost estimates for all bridge types at the three locations. 
Caruthersville, Missouri 
As Built SJ EB RC SK SE SE+SK RC+SK 
• MSC-C 
IMSC-S 
SMSSS-C 
iMSSS-S 
Figure 4.1 Expected LCC of retrofits for Caruthersville, MO 
Charleston, South Carolina 
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Figure 4.2 Expected LCC of retrofits for Charleston, SC 
i MSC-C 
iMSC-S 
iMSSS-C 
i MSSS-S 
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Los Angeles, California 
• MSC-C 
• MSC-S 
• MSSS-C 
• MSSS-S 
As Built SJ EB RC SK SE SE+SK RC+SK 
Figure 4.3 Expected LCC of retrofits for Los Angeles, CA 
It should be noted that the values on the y-axis change with each location. The 
magnitude of the expected losses, which is naturally a function of the local seismic 
hazard potential, varies across the three US sites. A comparison of the LCC for the as-
built and retrofitted bridges reveals that the measure yielding the greatest reduction in 
expected losses differs by bridge type. For example, in Charleston, the LCC is reduced 
most by using the steel jackets for the MSSS concrete bridge; the elastomeric bearings 
followed by the combined use of the seat extenders and shear keys for the MSC steel 
bridge; and the elastomeric bearings followed by the seat extenders or steel jackets for 
both the MSSS steel and MSC concrete bridges. Additionally, the retrofit that yields the 
greatest reduction in life-cycle cost may also differ with location. For example, for the 
MSSS concrete bridge the steel jackets reduce the LCC the most for the Caruthersville 
and Charleston locations, while the use of the elastomeric bearings reduces the LCC the 
most for Los Angeles. This can be attributed to the higher potential for frequent modest 
earthquakes in Los Angeles exhibited by the hazard curve (Figure 3.2), potentially 
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resulting in slight or moderate bridge damage, which is most effectively countered by the 
elastomeric bearings for this bridge. 
Similar to the life-cycle cost tables above the cost-benefit ratio comparisons can be 
viewed in Figures 4.4-4.6 for each bridge type at a particular location. 
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Figure 4.4 CBR for retrofitting of bridges in Caruthersville, MO 
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Figure 4.5 CBR for retrofitting of bridges in Charleston, SC 
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Los Angeles, California 
Figure 4.6 CBR for retrofitting of bridges in Los Angeles, CA 
The bar charts in Figures 4.4-4.6 reveal which retrofit measure is the most cost-
effective, having the highest CBR. It is noted that a modestly effective retrofit measure in 
reducing damage potential and life-cycle costs, such as seat extenders, may have the 
highest cost-benefit ratio due to the relatively low initial investment in retrofit. However, 
in some cases more costly initial investments in retrofit, such as the use of elastomeric 
bearings for MSSS steel bridge in all locations, have the largest ultimate return on 
investment due to the life-time benefits in expected loss reduction. For some bridge 
types, the same retrofit measure is the most cost-effective regardless of location of the 
bridge. For example, the restrainer cables for the MSC Steel bridge has the highest cost-
benefit ratio for every site, though the increase in the seismic hazard results in an increase 
in CBR of 1.8, 3.4, and 9.8 for Charleston, Caruthersville, and Los Angeles, respectively. 
It is interesting to note, however, that while seat extenders result in the highest cost-
benefit ratio for the MSSS concrete bridge in both Caruthersville and Charleston, the use 
of elastomeric bearings for the same bridge in Los Angeles, California proves to be a 
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more beneficial investment. This can be attributed to the effectiveness of the seat 
extenders at the complete damage state, which is a larger relative contributor to the total 
expected LCC in the CEUS hazard zones than the West coast example, which has larger 
short return period events that may cause intermediate levels of damage mitigated by the 
elastomeric bearing retrofit but not affected by the seat extenders. This clearly proves the 
importance of considering the combined effects of a particular location's seismic hazard 
characteristics, the retrofitted bridge fragility, as well as cost of retrofit. These findings 
are summarized in Table 4.10, which lists the retrofit measure found to be most cost 
effective for the case-study bridges. 
Table 4.10 Summary of ideal seismic retrofit based on objective to maximize CBR 
Bridge 
MSC Concrete 
MSC Steel 
MSSS Concrete 
MSSS Steel 
Caruthersville, 
SE 
RC 
SE 
EB 
MO Charleston, SC 
SE 
RC 
EB 
EB 
Los Angeles, CA 
EB 
RC 
EB 
EB 
It is noted that these results are specific to the bridge types and geometry, as well as 
life-cycle cost-benefit model inputs and assumptions of the case study presented. For a 
particular bridge type and location, while some economic benefits do not outweigh the 
costs of retrofit for any measure evaluated (i.e., CBR < 1 as shown in Figures 4.4-4.6), 
this does not imply that retrofit is not warranted. An example of this is the MSSS steel 
girder bridge in Charleston, for which all cost-benefit ratios are less than one. As 
previously noted, indirect social impacts such as public safety threats and economic 
impacts such as business interruption are not addressed in this study, and warrant further 
investigation. There may be investments with a CBR less than one that are favorable 
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because of non-monetary benefits and social responsibility, such as loss of life avoided, 
particularly given the lack of warning prior to an earthquake event. An assessment of the 
fragility curves themselves reveals the likelihood of achieving complete damage of the 
bridges in potentially large but infrequent events, particularly for the more vulnerable 
MSC steel followed by MSSS steel girder bridges. 
4.3 Varying Remaining Lifespan 
The results of the case study presented considered a 50 year remaining life of the 
structure. Alternate remaining life-times were also examined, including 25 and 75 years. 
While the relative cost effectiveness of the different retrofit measures does not tend to 
change considerably with remaining life, the magnitude of the cost-benefit of each 
measure is affected as anticipated and can be seen in Figures 4.7-4.8 for the MSC steel 
bridge at all three locations. For example, the CBR of the elastomeric bearings is 1.92 for 
the MSC steel girder bridge in Caruthersville with a remaining life of 50 years, and 
increased to 2.21 if the bridge is anticipated to remain in service for another 75 years. 
This shift in cost-benefit ratio may be of particular importance given the extended service 
life expected of many of our nation's bridges. 
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Figure 4.8 Bridge lifespan variations for Los Angeles, CA 
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4.4 Summary of Case Study LCC-B Results for Retrofit Assessment 
The results presented in this Chapter illustrate the increasing magnitude of losses and 
retrofit cost-benefit ratio anticipated to be associated with increasing seismic hazard as 
well as increased remaining life (or duration of hazard exposure). However, they also 
indicate that the most cost-effective bridge retrofit may differ by location due to coupled 
impact of the relative influence of different retrofit measures on bridge fragility at 
different damage states and the nature of the local seismic hazard. For example, seat 
extenders are a relatively cheap retrofit measure that do not impact the fragility at the 
lower damage states yet are effective in mitigating complete damage. This retrofit tends 
to be more cost-effective in CEUS locations than in the West Coast example. However, 
the findings also underscore the fact that more costly initial investments in retrofit, such 
as the use of isolation bearings, may be warranted for some bridge types, such as the 
MSSS steel bridge. This is due to the benefit of the elastomeric bearings in reducing the 
fragility at all damage states and its translated impact on reducing the LCC. Variation in 
the remaining life of the bridge was shown to shift the expected value of the losses and 
cost-benefit ratios for various retrofit measures, which could influence the ultimate 
decision of whether or not to retrofit the bridge. However, the relative cost-effectiveness 
of various retrofit measures was not found to be sensitive to this parameter and hence the 
identification of most viable retrofit measure remains the same. While the results 
presented are specific to the case study example bridge geometries and retrofit design 
assumptions highlighted in the previous Chapter, the LCC-B model can be easily 
extended to other bridge types, retrofit measures, or locations. 
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CHAPTER 5 
Future Work 
The life-cycle cost analysis procedure posed in this thesis for selecting bridge upgrade 
under life-time seismic threats provides an opportunity for an expanded analysis in which 
sustainable engineering principles are more fully considered. As mentioned in Chapter 1, 
sustainable engineering practices have become of increasing interest to bridge owners 
and designers. Therefore, a method to quantify various metrics for the social and 
environmental aspects of sustainable performance in addition to life-cycle costs 
(economic) is needed while also considering exposure to multiple threats. This chapter 
outlines the opportunity for future work that expands the risk-based seismic life-cycle 
modeling presented in this thesis (Chapters 1-4) to address additional metrics of 
sustainable performance. 
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5.1 Opportunities for Extension in the Context of Sustainable Engineering 
The last Congressional review of the condition of our nation's critical infrastructure 
was conducted in 1988, reporting that our infrastructure is "barely adequate to fulfill 
current requirements and insufficient to meet the demands of future economic growth and 
development" [46] a direct statement of the need to address and improve the 
sustainability of such systems as highways, water supply, waste management, etc. 
Successive reports by agencies and professional organizations, such as the American 
Society of Civil Engineers [47,48], have continued to stress the deteriorating condition of 
our infrastructure and suggest the need for broad-based system upgrades. Moreover, 
recently recommended guiding principles for infrastructure investment highlight the 
importance of considering lifetime sustainable performance of systems when selecting 
investments [49]. 
A recent FEMA report, Planning for a Sustainable Future: The Link Between Hazard 
Mitigation and Livability [50], discusses the important linkages between hazard 
mitigation, disaster resistance, and sustainable development. Natural hazards such as 
earthquakes, hurricanes, windstorms, and floods affect millions of people all over the 
world every year threatening lives, homes and property, as well as many other assets. The 
cost of repair and recovery can also be substantial for an area that is exposed to these 
natural events [51]. In addition to economic impacts, limited performance of our nation's 
infrastructure systems can result in adverse environmental and social consequences which 
have been acknowledged in recent studies [52-54]. As acknowledged in the FEMA 
report, hazard mitigation can play a critical role in achieving broader community 
objectives of economic health, social well-being, and environmental protection. 
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For the case of infrastructure exposed to natural hazards, in addition to direct losses 
due to bridge damage, indirect social and environmental impacts can be attributed to 
inhibited emergency response effects, increased travel time in the transportation network 
and emissions from delay, and business disruption among other impacts [19]. 
Additionally, widespread damage to these built systems produces waste from demolition 
and requires additional use of natural resources, labor, and energy in the repair or 
replacement. Chapter 1 noted overarching principles of sustainable infrastructure. These 
include: 1) consideration of life-cycle performance, as opposed to emphasis only one 
phase [9]; 2) account for risks from various threats including natural hazards [11]; and 3) 
consideration of the impacts of infrastructure performance on the three pillars of 
sustainability—social, environmental, and economic systems [13,25]. A major challenge 
for engineers is the development of practical tools for measuring and enhancing the 
sustainability of urban infrastructure over its life-time. To aid in the identification of 
specific metrics of sustainable bridge performance given exposure to natural hazards, 
overview is provided on previous studies that have aimed to measure sustainability for a 
range of infrastructure systems. 
Sahely et al. [55] conducted research on developing a framework for sustainability 
assessment of urban wastewater infrastructure systems. Their work studied the key 
interactions and feedback mechanisms between the infrastructure system and the metrics 
of sustainable infrastructure; that is social, environmental and economic systems. They 
have proposed the use of sustainability criteria and system specific indicators such as 
service interruptions, discharge of harmful chemicals into the environment, water losses-
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leakage, operation and maintenance costs etc. to understand the interaction effects. For 
power systems, Kundur [56] emphasized the requirements, challenges and functions of 
upcoming technologies for sustainable electric power systems in the 21st century. 
References have been drawn to general indicators of sustainability like greenhouse gas 
emissions, global warming and local emissions. In addition, usage of renewable sources 
of energy, such as wind and ocean energy, and non renewable sources of energy, micro 
turbines and fuel cells, and their impacts on sustainability have been considered [56]. 
As indicated in past works, most measures of sustainable transportation infrastructure 
are qualitative measures of system performance which need to be quantified to support 
sustainable decision-making [5, 57-59]. Efforts by others have primarily concentrated on 
identifying indicators of sustainability based on travel demands, mode choices, land use 
planning, and related transportation engineering consequences outside of the scope of this 
effort, which focuses on the cascading impacts of physical infrastructure performance 
[19, 58, 60, 61]. Additional works have investigated the asset management of sustainable 
transportation infrastructure, as in the use of portfolio theory [19, 62], or have evaluated 
the impact of green materials or construction approaches on environmental systems [63-
66]. For example, Loo [67] evaluated models for designing and managing sustainable 
transportation systems. He summarized the key advances in using Stated Preference (SP) 
surveys for transportation networks along with traditional models in planning for an 
urban transportation that is environmentally friendly as well as efficient. In SP research 
respondents are presented with choices between hypothetical but realistic alternatives, 
with each alternative being described in terms of their characteristics or attributes. By 
varying the values of these attributes in a carefully controlled way one can learn about 
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how much importance people attach to each attribute of sustainable performance on the 
basis of the choices they make. Black et al. [68] also proposed a general framework for 
sustainable transportation that links basic objectives for sustainability with suitable 
performance indicators and analytical techniques. With the help of decision theory and 
hierarchical trees, they showed the link between objectives for sustainability and a 
multitude of factors such as actions, measurable attributes, and performance indicators 
including air pollution, traffic congestion, fuel depletion and global warming. 
It is important to note that in the analysis of infrastructure sustainability and the 
qualitative or quantitative evaluation of its performance indicators, only the effects under 
service loads have been taken into consideration in these studies. Hence there is an 
inherent need to take into account the effects of extreme events and natural hazards, 
which have not been explicitly considered in the traditional analysis procedures. While 
these studies all help to advance sustainable infrastructure, there is a deficiency in 
understanding the relationship between physical bridge infrastructure performance under 
multiple threats and quantifiable metrics of sustainability. Moreover, despite the 
considerable uncertainty associated with evaluating infrastructure sustainability, risk-
based models are lacking, particularly for assessing bridge infrastructure performance. 
Moreover, risk based methods for assessing and quantifying indicators, or metrics of 
sustainability, are desired given the numerous sources of uncertainty inherent in such an 
analysis. 
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5.2 Summary of Potential Impact Metrics of a Sustainable Bridge 
The threats affecting built infrastructure over its life-time can broadly be classified into 
three main categories: hazards and climate change, aging and deterioration, and 
population growth and urbanization [22,51]. Although each of the factors mentioned are 
individual potential threats to our infrastructure, it is important to consider their 
interaction or joint effects to determine the cumulative threat posed on the infrastructure. 
Traditionally, the approaches to evaluate alternative strategies for infrastructure 
maintenance or upgrade use engineering-based metrics limited to initial cost and 
deterministic performance [7-11]. However, this approach is not consistent with the 
fundamentals of sustainable design, the reality of multiple threat exposure, or the 
uncertainty inherent in the analysis. 
Given any of the threats to sustainable infrastructure performance (e.g. seismic), a set 
of quantifiable metrics should be applied within the three pillars of sustainability. For 
example, the social impacts can include safety risks, including casualties under different 
threat scenarios, outage duration of a system or unexpected loss of functionality over its 
life-time, or the ease of access to or effective functionality of critical facilities in the time 
of need [52]. The environmental impacts may include the energy usage due to 
construction, maintenance, repair or demolition, resource depletion from investment and 
upkeep, or the emissions associated with traffic inhibition and material production [21]. 
As for the economic impacts the life-cycle cost, which was quantified in Chapters 3-4 of 
this thesis, the indirect consequences such as business disruption following damage are of 
interest. 
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5.3 Example Sustainable Bridge Infrastructure Assessment 
Using the metrics posed in Section 5.2, an example bridge infrastructure assessment was 
conducted to illustrate assessment of sustainability of existing bridge under natural 
hazard exposure. This section addresses the question of which bridges in an inventory are 
least sustainable, given seismic hazards, for prioritizing upgrades to help achieve a 
greater vision of enhanced infrastructure sustainability. The example study considers 
non-seismically designed bridges typical of those in the Central and Eastern United States, 
including the bridge types used in Chapters 3 and 4. It should be noted however that 
future research is needed to improve this consequence model and sustainable impact 
metrics for applying this approach. 
For the focus of this example, five different sustainable impact metrics are 
considered, across the three categories of sustainable infrastructure. Economically, the 
seismic life-cycle cost for each bridge type allows the investor to assess which bridges 
may be associated with the highest costs due repair or replacement from life-time seismic 
exposure. Two social metrics are illustrated including functionality or downtime 
associated as well as the expected number of fatalities due to bridge failure over the 
structures life. For this example, the environmental impacts considered are limited to 
energy usage associated with the repair and reconstruction of damaged structures. 
5.3.1 Social Metrics: Downtime and Fatalities 
Bridge damage following extreme events, such as earthquakes, can result in reduced 
functionality hampering emergency response and long term recovery. A non-functional 
bridge can result in rerouting and increased travel time in the transportation network 
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affecting social and economic functions of the region. That being considered, the number 
of days to repair a damaged bridge will be of great importance to the community. The 
first social metric considered, therefore, is the downtime or reduced functionality of the 
structure. The total numbers of days of reduced functionality associated with each level 
of damage, DTj, were considered to be 7, 30, 120, and 400 days, corresponding to slight, 
moderate, extensive, and complete respectively. These functionality relations, shown in 
Figure 5.1 below, drew upon past works [39,69], which estimate the restoration of traffic 
carrying capacity for each bridge damage level corresponding to the fragility curves. 
Figure 5.1 Stepwise restoration functions defining slight through complete damage [39] 
Time until full restoration is considered in the current example, presented as an 
expected value of total downtime due to life-time seismic exposure: 
E[DT]=E}=1PETLSj-DTj (5.1) 
where PETLSJ is the / year (50) probability of the / * damage state being exceeded (See 
equation 2.5). 
The second metric of bridge performance within the category of social impacts is the 
fatalities due to bridge damage. The expected value of fatalities due to seismic exposure 
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over the structure's life first requires an estimate of fatalities per bridge collapse. 
Worldwide historic bridge collapse data and consequences have been catalogued for the 
past 55 years by researchers at the University of Cambridge [70]. A statistical analysis is 
conducted for the bridge collapse cases limited to non-forecasted natural hazard induced 
collapses in the United States, to evaluate the mean and standard deviation of fatalities 
per collapse. However, enhanced data sources are required to improve the estimate's 
accuracy in future studies since the current estimate is not a function of bridge type or 
dimensions. For the purpose of this illustration, the estimated average number of fatalities 
per collapse due to unforeseen natural hazards was 4.154 and considered to be the same 
for all bridge types and considered only to occur upon reaching the complete damage 
state. 
5.3.2 Environmental Metric: Energy Usage 
Emerging environmental impact data sources provide a link between construction 
materials and embodied energy [71,72], which provides an estimate of the energy 
consumed per unit quantity of material due to material processing, transport to the site, 
construction, etc. For the purpose of this example, the embodied energy is estimated for 
the sample bridges based on total material takeoffs (e.g. reinforced concrete, steel) and 
their respective embodied energy estimates from [73] shown in Table 5.1 below. The 
expected value of the energy usage estimated for each damage state is taken a fraction of 
the entire structure's embodied energy based on the damage ratio (fraction of replacement) 
from Table 3.7 for each damage state. The volumes of concrete and steel were calculated 
for each bridge type based upon properties from [43]. The embodied energy for the MSC 
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concrete bridge is shown below in Table 5.2 from the material takeoffs for that bridge 
and embodied energy estimates for unit volume of construction material, as presented in 
Table 5.1. The embodied energy estimates for the other three bridges are given in 
Appendix B Tables B1-B3. While the energy usage associated with each level of bridge 
damage in this study is considered to be equivalent to the damage ratio, or fraction of 
replacement, previously presented, further detailed analysis of explicit repair procedures 
as well as more inclusive material estimates will facilitate improved energy usage 
estimates. 
Table 5.1 Material embodied energy factors 
Material Embodied Energy 
(MJ/ftA3) 
Concrete 
Steel 
78.72 
7113.13 
73] 
Table 5.2 Energy estimates from materials for MSC concrete bridge 
Concrete 
Span 1,3 
Span 2 
Column 
Bent Cap 
Pile Cap 
Girder 
Girder 
# 
2 
1 
6 
2 
6 
16 
g 
Length 
(ft) 
40.03 
74.15 
15.1 
43.31 
8 
40.03 
Total Energy Usage (MJ) 
Width 
(ft) 
42 
42 
27.38 
3.5 
8 
1 
1.5 
843348.60 
Depth 
(ft) 
0.584 
0.584 
1 
4 
3.583 
1 
1 
Energy Usage 
(MJ) 
154583.38 
143172.09 
195275.04 
95462.17 
108308.64 
50418.59 
70045.06 
817264.97 
Steel 
Column Steel 
Bar #9 
Bar #4 
Bent Cap Steel 
Bar #9 
Bar #5 
Bar #5 
# 
12 
15 
15 
4 
15 
Length 
(ft) 
15.09 
8.38 
16.67 
16.67 
13 
Area 
(ftA2) 
0.007 
0.001 
0.007 
0.002 
0.002 
Energy 
Usage (MJ) 
9016.32 
894.12 
12450.47 
948.61 
2774.12 
26083.63 
5.3.3 Economic Metrics: Seismic LCC 
In this example the assessment of economic metrics of bridge performance are limited to 
the seismic life cycle cost. The seismic LCCs are quantified and evaluated based on the 
method previously proposed in Chapters 2 through 4 of this thesis. 
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5.4 Results of Example 
Table 5.3 presents the resulting estimates of expected value of sustainability metrics for 
four bridges sample bridges exposed to seismic threats. The results are based on a 
Charleston, SC location with a 50 year remaining lifespan. This example is conducted to 
illustrate the opportunity to cast a common infrastructure challenge, such as prioritizing 
bridges for upgrade or evaluating alternative upgrades, within a sustainable engineering 
context. While the example considers seismic threats alone, this framework is extendable 
to the additional threats to sustainability. 
In Table 5.3 it is interesting to see that although the MSC concrete bridge has the 
lowest seismic life-cycle cost or economic impact it does not remain the lowest in social 
and environmental categories; however, the while the MSSS steel bridge yields the 
second highest energy usage, the life-cycle costs are the second lowest. This illustrates 
the potential importance of considering all three areas of sustainability and not just the 
immediate impact from upfront costs. 
Table 5.3 Expected values of select sustainability metrics subjected to seismic threats 
Category 
Impact Metric 
MSC Concrete 
MSC Steel 
MSSS Concrete 
MSSS Steel 
Economic 
Seismic LCC 
($) 
37,714 
115,570 
19,662 
38,586 
Social 
Fatalities 
(No.) 
0.05 
0.12 
0.04 
0.06 
Downtime 
(days) 
2.84 
6.31 
2.32 
3.66 
Environmental 
Energy Usage 
(MJ) 
5583 
178,360 
3577 
64,136 
From Table 5.3 it can be concluded that no single impact metric is sufficient to 
prioritize brides for seismic upgrading or to identify the most sustainable solution. This 
indicates the need to evaluate the weights or relative importance that one places on the 
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different impact metrics when using them to prioritize infrastructure in need of upgrade, 
through such approaches as multi-criteria decision analysis. Future work should address 
the needed refinement of sustainable impact metric models, including propagation of 
uncertainty in the models and input assumptions. However, this simple example reveals 
the opportunity to exploit some of the probabilistic models developed for the LCC-B 
analysis within a framework for assessing multiple sustainable impact metrics. The 
decisions supported by such an analysis could range from prioritizing upgrade or 
rehabilitation, to identifying sustainable management practices, to developing more 
sustainable new designs via inverse methods. 
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CHAPTER 6 
Conclusions 
6.1 Conclusions of LCC-B Analysis 
The risk-based life-cycle cost-benefit model presented in this thesis can be used to 
support decision making on effective upgrade of bridge infrastructure in seismic zones, 
particularly given limited funds for investment in seismic retrofit. This approach 
integrates probabilistic hazard models, fragility of as-built and retrofitted bridges across a 
range of damage states, and associated costs of damage and retrofit. The method provides 
an opportunity to move beyond current emphasis on upfront investment cost or scenario 
driven cost-benefit analysis, to evaluate life-time expected losses avoided through 
retrofit. The case study presented evaluates four different sample bridges representative 
of typical non-seismically designed highway overpass bridges, including multi-span 
continuous and multi-span simply supported steel and concrete girder bridges. A total of 
seven different retrofit options were evaluated. The results indicate a natural shift in 
magnitude of losses and retrofit cost-benefit ratio with increasing seismic hazard. 
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However, they also indicate that due to the relative effect of different retrofit measures at 
different damage states (exhibited in the fragility model), as well as the nature of the local 
seismic hazard, the most cost-effective bridge retrofit may differ by location. For 
example, a relatively cheap retrofit measure with seat extenders, which is particularly 
effective in mitigating complete damage, tends to be more cost-effective in CEUS 
locations than in the West Coast example. 
Additionally, the findings underscore the fact that more costly initial investments in 
retrofit, such as the use of isolation, may be warranted for some bridge types, such as the 
MSSS steel bridge. This is due to the superior effectiveness of the elastomeric bearings in 
reducing the fragility at all damage states and its translated impact on reducing the LCC. 
Selection of the most cost-effective retrofit in certain cases may also depend on the level 
of uncertainty in the life-cycle cost of as-built and retrofitted bridge. While the results 
presented are specific to the case study example, the LCC-B model can be extended to 
other bridge types, retrofit measures, or locations for screening cost-effective investments 
in seismic upgrade. 
6.2 Summary of Opportunities for Future Research 
Chapter 5 presented a potential framework for extending the LCC-B model posed in this 
thesis within a more holistic assessment of sustainable bridge performance considering 
multiple metrics of sustainability. A general overview of the concepts of sustainable 
infrastructure in relation to the performance and cascading effects of built infrastructure 
systems, such as bridge infrastructure, was first presented. Overarching themes of 
sustainable engineering necessitate the consideration of social, environmental, and 
51 
economic consequences over the life-time, or life-cycle, of the system. In general, most 
life-cycle analyses neglect the effects of extreme events. However, this thesis highlights 
the critical links between sustainable engineering and extreme event assessment. While 
probabilistic life-cycle cost models which consider extreme events were emphasized, 
there is a need to extend the work to other metrics of sustainability. The case study 
assessment of bridge performance in seismic zones introduces the concepts of sustainable 
engineering in which life-time social, environmental, and economic impacts are 
considered in upgrade decisions, including prioritizing seismic retrofit. While the input 
data and models for quantifying additional sustainable impact metrics are intended to 
serve as an illustration, they reveal the potential power of providing multiple metrics of 
life-cycle performance (in addition to LCC or LCC-B emphasized in this work). This 
serves as motivation for future studies to develop models of sustainable impact metrics 
for bridges for decision making on sustainable management and design. As illustrated in 
this thesis, such formulations for quantifying sustainable performance can exploit some 
of the same input tools used in the seismic LCC-B model, including bridge fragility 
models and probabilistic hazard curves. With these models advanced through future work, 
a bridge owner can be armed with decision-making metrics to ensure that is safer to the 
public, by considering failure from multiple threats and mitigating casualties; more 
effective in meeting public needs, due to less functionality loss from down-time; 
environmentally friendly, by quantifying metrics such as energy usage and waste; and 
cost effective, with the use of the LCC-B model presented in Chapters 1-4. 
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Appendix A 
Appendix A presents tables referred to in Chapters 1 -4 pertaining to the life-cycle cost-
benefit model. In this section tables are given to show calculation steps as well as results 
in analysis from each bridge type and specific location. 
The calculations of the replacement costs in Table Al referred from Section 3.2.3, are 
based upon each bridge's geometry, deck surface area, and replacement cost factor. The 
cost factors were determined by historic construction data from local departments of 
transportation in 2008 [43]. The cost factors multiplied by the bridge's surface area yields 
the assumed replacement cost of the bridge. 
Table Al. Calculation of replacement costs 
MSC concrete 
MSSS concrete 
MSC steel 
MSSS steel 
Area 
(ftA2) 
6476.82 
4231.56 
7416.23 
4306.46 
Cost Factor 
($/ftA2) 
67.71 
67.71 
94.37 
94.37 
Repair Cost 
($) 
438,237 
699,593 
286,369 
406,159 
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The following Tables A2-A9 referenced in Section 4.1 show the seismic life-cycle costs 
for each bridge type at each location in the as-built condition, the repair cost estimates for 
each damage state as well as each damage state's seismic contribution towards the life-
cycle cost, and the 50-year damage state exceedance probabilities. 
Table A2. As-built MSC concrete seismic LCC estimates for Charleston, SC 
Parameter 
Repair cost estimate ($) 
50-year damage state exceedance 
probability 
Contribution to seismic LCC ($) 
Table A3. As-built MSC steel seismic LCC estimates for Charleston, SC 
Parameter 
Slight 
13,147 
0.1058 
7445 
Dama: 
Moderate 
35,059 
0.0301 
2702 
ge State 
Extensive 
109,559 
0.0187 
5765 
Complete 
292,158 
0.0112 
23,114 
Repair cost estimate ($) 
50-year damage state exceedance 
probability 
Contribution to seismic LCC ($) 
Slight 
20,988 
0.0857 
5504 
Dama; 
Moderate 
55,968 
0.0491 
3550 
ge State 
Extensive 
174,899 
0.0393 
9918 
Complete 
466,393 
0.0296 
72,362 
Table A4. As-built MSSS concrete seismic LCC estimates for Charleston, SC 
Parameter Slight 
8592 
0.0823 
3439 
Dama 
Moderate 
22,910 
0.0257 
1708 
ge State 
Extensive 
71,593 
0.0154 
3380 
Complete 
190,913 
0.0088 
13,521 
Repair cost estimate ($) 
50-year damage state exceedance 
probability 
Contribution to seismic LCC ($) 
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Table A5. As-built MSSS steel seismic LCC estimates for Charleston, SC 
Damage State 
i aicuncici 
Repair cost estimate ($) 
50-year damage state exceedance 
probability 
Contribution to seismic LCC ($) 
Slight 
12,185 
0.0667 
2674 
Moderate 
32,493 
0.0345 
2031 
Extensive 
101,540 
0.0256 
6951 
Complete 
270,773 
0.0140 
21,517 
Table A6. As-built MSC concrete seismic LCC estimates for Los Angeles, CA 
Parameter Damage State 
Slight Moderate Extensive Complete 
Repair cost estimate ($) 
50-year damage state exceedance 
probability 
Contribution to seismic LCC ($) 
13,147 
0.8227 
149,150 
35,059 
0.1289 
17,300 
109,559 292,158 
0.0622 0.0298 
26,510 63,140 
Table A7. As-built MSC steel seismic LCC estimates for Los Angeles, CA 
Parameter Damage State 
Slight Moderate Extensive Complete 
Repair cost estimate ($) 
50-year damage state exceedance 
probability 
Contribution to seismic LCC ($) 
20,988 
0.5771 
69,907 
55,968 
0.2337 
24,631 
174,899 466,393 
0.1702 0.1105 
53,822 238,990 
Table A8. As-built MSSS concrete seismic LCC estimates for Los Angeles, CA 
Parameter Damage State Slight 
8592 
0.5980 
48,352 
Moderate 
22,910 
0.0929 
8615 
Extensive 
71,593 
0.0444 
14,006 
Complete 
190,913 
0.0203 
33,697 
Repair cost estimate ($) 
50-year damage state exceedance 
probability 
Contribution to seismic LCC ($) 
Table A9. As-built MSSS steel seismic LCC estimates for Los Angeles, CA 
Damage State 
i cuaiu^i^i 
Repair cost estimate ($) 
50-year damage state exceedance 
probability 
Contribution to seismic LCC ($) 
Slight 
12,185 
0.3682 
24,063 
Moderate 
32,493 
0.1150 
9190 
Extensive 
101,540 
0.0731 
22,975 
Complete 
270,773 
0.0310 
44,132 
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Tables A10-A17 referred from Section 4.1 
Table A10. Comparison of results for retrofitted MSC concrete bridge in Charleston, SC 
Retrofit 
As-Built 
Steel jacket 
Elastomeric bearing 
Restrainer cable (RC) 
Shear key (SK) 
Seat extender (SE) 
SE+SK 
RC+SK 
Expected 
LCC 
($) 
39,026 
33,608 
25,328 
36,696 
38,646 
32,523 
32,670 
35,545 
Standard 
Deviation 
($) 
9744 
8101 
3969 
9079 
9812 
7798 
7905 
8642 
Benefit 
($) 
— 
5418 
13,698 
2330 
380 
6503 
6356 
3481 
Cost 
($) 
— 
36,000 
21,912 
11,280 
23,250 
9000 
32,250 
34,530 
CBR 
— 
0.15 
0.63 
0.21 
0.02 
0.72 
0.20 
0.10 
Table Al l . Comparison of results for retrofitted MSC steel bridge in Charleston, SC 
Retrofit 
As-Built 
Steel jacket 
Elastomeric bearing 
Restrainer cable (RC) 
Shear key (SK) 
Seat extender (SE) 
SE+SK 
RC+SK 
Expected 
LCC 
($) 
91,334 
77,308 
65,171 
78,624 
81,811 
79,976 
67,452 
73,449 
Standard 
Deviation 
($) 
24,491 
19,453 
12,868 
19,353 
21,486 
18,439 
14,599 
18,228 
Benefit 
($) 
— 
14,026 
26,163 
12,710 
9523 
11,358 
23,882 
17,885 
Cost 
($) 
— 
24,000 
34,980 
7050 
12,000 
6750 
18,750 
19,050 
CBR 
— 
0.55 
0.75 
1.80 
0.79 
1.68 
1.27 
0.94 
Table A12. Comparison of results for retrofitted MSSS concrete bridge in Charleston, SC 
Retrofit 
As-Built 
Steel jacket 
Elastomeric bearing 
Restrainer cable (RC) 
Shear key (SK) 
Seat extender (SE) 
SE+SK 
RC+SK 
Expected 
LCC 
($) 
22,048 
16,115 
17,641 
19,907 
24,484 
18,364 
19,484 
20,338 
Standard 
Deviation 
($) 
4422 
2799 
3032 
3864 
4982 
3427 
3673 
3962 
Benefit 
($) 
— 
5933 
4407 
2141 
-2436 
3684 
2564 
1710 
Cost 
($) 
— 
24,000 
14,319 
21,150 
16,500 
14,250 
30,750 
37,650 
CBR 
— 
0.25 
0.31 
0.10 
-0.15 
0.26 
0.08 
0.05 
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Table A13. Comparison of results for retrofitted MSSS steel bridge in Charleston, SC 
Retrofit 
As-Built 
Steel jacket 
Elastomeric bearing 
Restrainer cable (RC) 
Shear key (SK) 
Seat extender (SE) 
SE+SK 
RC+SK 
Expected 
LCC 
($) 
33,173 
28,579 
24,160 
29,553 
34,437 
28,033 
28,795 
30,095 
Standard 
Deviation 
($) 
6311 
5179 
3747 
5339 
6596 
4866 
5011 
5566 
Benefit 
($) 
— 
4594 
9013 
3620 
-1264 
5140 
4378 
3078 
Cost 
($) 
— 
24,000 
20,308 
21,150 
16,500 
14,250 
30,750 
37,650 
CBR 
— 
0.19 
0.44 
0.17 
-0.08 
0.36 
0.14 
0.08 
Table A14. Comparison of results for retrofitted MSC concrete bridge in Los Angeles, CA 
Retrofit 
As-Built 
Steel jacket 
Elastomeric bearing 
Restrainer cable (RC) 
Shear key (SK) 
Seat extender (SE) 
SE+SK 
RC+SK 
Expected 
LCC 
($) 
256,100 
236,410 
80,450 
223,970 
251,520 
209,220 
227,190 
226,570 
Standard 
Deviation 
($) 
153,440 
135,180 
27,372 
128,030 
150,070 
116,160 
129,640 
128,650 
Benefit 
($) 
— 
19,690 
175,650 
32,130 
4580 
46,880 
28,910 
29,530 
Cost 
($) 
— 
36,000 
21,912 
11,280 
23,250 
9000 
32,250 
34,530 
CBR 
— 
0.55 
8.02 
2.85 
0.20 
5.21 
0.90 
0.86 
Table A15. Comparison of results for retrofitted MSC steel bridge in Los Angeles, CA 
Retrofit 
As-Built 
Steel jacket 
Elastomeric bearing 
Restrainer cable (RC) 
Shear key (SK) 
Seat extender (SE) 
SE+SK 
RC+SK 
Expected 
LCC 
($) 
387,350 
315,100 
295,810 
320,610 
333,650 
332,720 
266,090 
289,840 
Standard 
Deviation 
($) 
206,760 
148,830 
123,020 
149,670 
173,180 
143,320 
103,350 
133,110 
Benefit 
($) 
— 
72,250 
91,540 
66,740 
53,700 
54,630 
121,260 
97,510 
Cost 
($) 
— 
24,000 
34,980 
7050 
12,000 
6750 
18,750 
19,050 
CBR 
— 
3.01 
2.62 
9.47 
4.48 
8.09 
6.47 
5.12 
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Table A16. Comparison of results for retrofitted MSSS concrete bridge in Los Angeles, CA 
Retrofit 
As-Built 
Steel jacket 
Elastomeric bearing 
Restrainer cable (RC) 
Shear key (SK) 
Seat extender (SE) 
SE+SK 
RC+SK 
Expected 
LCC 
($) 
104,670 
79,427 
63,820 
99,231 
107,320 
92,145 
90,756 
92,795 
Standard 
Deviation 
($) 
37,936 
20,175 
21,790 
33,543 
41,210 
29,112 
29,669 
31,380 
Benefit 
($) 
— 
25,243 
40,850 
5439 
-2650 
12,525 
13,914 
11,875 
Cost 
($) 
— 
24,000 
14,319 
21,150 
16,500 
14,250 
30,750 
37,650 
CBR 
— 
1.05 
2.85 
0.26 
-0.16 
0.88 
0.45 
0.32 
Table A17. Comparison of results for retrofitted MSSS steel bridge in Los Angeles, CA 
Retrofit 
As-Built 
Steel jacket 
Elastomeric bearing 
Restrainer cable (RC) 
Shear key (SK) 
Seat extender (SE) 
SE+SK 
RC+SK 
Expected 
LCC 
($) 
100,360 
81,529 
77,138 
86,449 
105,970 
86,985 
89,538 
88,674 
Standard 
Deviation 
($) 
34,308 
24,458 
24,155 
27,315 
37,640 
26,450 
28,139 
27,962 
Benefit 
($) 
— 
18,831 
23,222 
13,911 
-5610 
13,375 
10,822 
11,686 
Cost 
($) 
— 
24,000 
20,308 
21,150 
16,500 
14,250 
30,750 
37,650 
CBR 
— 
0.78 
1.14 
0.66 
-0.34 
0.94 
0.35 
0.31 
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Appendix B 
This Appendix provides details on analyses used in Chapter 5 pertaining to quantifying 
metrics of sustainable performance. The tables presented in this section are referenced in 
Section 5.3.2. Embodied energy estimates for each bridge type are presented based upon 
material takeoffs of the amounts of concrete and steel used in the main elements of the 
structure. Each bridge's material volume is multiplied by the embodied energy factors for 
steel or concrete from Table 5.1 to estimate the embodied energy in the structure. 
Table Bl. Energy estimates from materials for MSSS concrete bridge 
Concrete 
Span 1,3 
Span 2 
Column 
Bent Cap 
Pile Cap 
Girder 
Girder 
Length 
# (ft) 
2 40.03 
1 43.96 
6 15.1 
2 43.31 
6 8 
10 40.03 
5 43.96 
Total Energy Usage (MJ) 
Width 
(ft) 
34.12 
34.12 
27.38 
3.5 
8 
1 
1.5 
677130.50 
Depth 
(ft) 
0.584 
0.584 
1 
4 
3.583 
1 
1 
Energy Usage 
(MJ) 
125580.60 
68954.82 
195275.04 
95462.17 
108308.64 
31511.62 
25953.98 
651046.87 
Steel 
Columns Steel 
Bar #9 
Bar #4 
Bent Cap Steel 
Bar #9 
Bar #5 
Bar #5 
# 
12 
15 
15 
4 
15 
Length 
(ft) 
15.09 
8.38 
16.67 
16.67 
13 
Area 
(ftA2) 
0.007 
0.001 
0.007 
0.002 
0.002 
Energy Usage 
(MJ) 
9016.32 
894.12 
12450.47 
948.61 
2774.12 
26083.63 
Table B2. Energy estimates from materials for MSC steel bridge 
Concrete 
Span 1,2,3 
Column 
Bent Cap 
Pile Cap 
Length 
* (ft) 
3 73.16 
6 15.1 
2 43.31 
6 8 
Total Energy Usage (MJ) 
Width 
(ft) 
33.79 
27.38 
3.5 
8 
14036185 
Depth 
(ft) 
0.584 
1 
4 
3.583 
Energy Usage 
(MJ) 
340942.45 
195275.04 
95462.17 
108308.64 
739988.30 
Steel 
Columns Steel 
Bar #9 
Bar #4 
Bent Cap Steel 
Bar #9 
Bar #5 
Bar #5 
Girder 
# 
12 
15 
15 
4 
15 
15 
Length 
(ft) 
15.09 
8.38 
16.67 
16.67 
13 
73.16 
Area 
(ftA2) 
0.007 
0.001 
0.007 
0.002 
0.002 
1.7 
Energy Usage 
(MJ) 
9016.32 
894.12 
12450.47 
948.61 
2774.12 
13270113.07 
13296196.70 
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Table B3. Energy estimates from materials for MSSS steel bridge 
Concrete 
Span 1,3 
Span 2 
Column 
Bent Cap 
Pile Cap 
# 
2 
1 
6 
2 
6 
Length 
(ft) 
40.03 
44.95 
15.1 
43.31 
8 
Width 
(ft) 
34.45 
34.45 
27.38 
3.5 
8 
Total Energy Usage (MJ) 8776362 
Depth Energy Usage 
(ft) (MJ) Steel 
0.584 126795.18 Columns Steel 
0.584 71189.65 Bar #9 
1 195275.04 Bar #4 
4 95462.17 Bent Cap Steel 
3.583 108308.64 Bar #9 
Bar #5 
Bar #5 
Girder 
597030.68 
Length Area Energy Usage 
# (ft) (ftA2) (MJ) 
12 15.09 0.007 9016.32 
15 8.38 0.001 894.12 
15 16.67 0.007 12450.47 
4 16.67 0.002 948.61 
15 13 0.002 2774.12 
15 44.95 1.7 8153247.43 
8179331.07 
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